Nitrogenase, the enzyme system responsible for biological nitrogen fixation, is believed to utilize two unique metalloclusters in catalysis. There is considerable interest in understanding how these metalloclusters are assembled in vivo. It has been presumed that immature, iron-molybdenum cofactordeficient nitrogenase MoFe proteins contain the P-cluster, although no biosynthetic pathway for the assembly of this comple x cluster has been identified as yet. 
INTRODUCTION
Biological nitrogen fixation, the essential conversion of atmospheric nitrogen to ammonia, is catalyzed by the nitrogenase enzyme system. Nitrogenase consists of two components, the iron (Fe) 1 protein and molybdenum-iron (MoFe) protein (reviewed in (1) (2) (3) (4) (5) ). 2 Substrate reduction occurs within the MoFe protein, an α 2 β 2 heterotetramer that contains two unique metalloclusters, the iron-molybdenum cofactor (FeMoco) and the P-cluster. The Fe protein, which is the obligate electron donor to the MoFe protein, is a homodimer containin g two nucleotide binding sites, one per subunit, and a single [ There is substantial interest in elucidating the mechanism by which the metalloclusters of the MoFe protein are formed in vivo because of their importance in nitrogen fixation, and because they are biologically and chemically unprecedented. FeMoco is a heterometallic double -cubane consisting of one [Fe 4 S 3 ] and one [MoFe 3 S 3 ] partial cubane that are bridged by three sulfides and share a µ 6 -central atom whose identity is unknown, but is considered to be C, O, or N ( Fig. 1 ) (6) . Situated entirely in the α subunit, FeMoco is attached to the protein by only two ligands, a cysteine at the terminal Fe and a histidine at the opposite Mo, which is also coordinated by bidentate homocitrate. The P-cluster, with a topology similar to that of FeMoco, consists of a symmetric double cubane in which two [4Fe-3S] partial cubanes share a central µ 6 -sulfur atom (Fig. 1) . It is situated at the αβ dimeric interface and is connected to the protein through six cysteine ligands-two terminal and one bridging cysteine from each subunit.
The P-cluster can be reversibly oxidized from this native, all ferrous state, designated P N with indigodisulfonate (IDS) to yield a two-electron oxidized state, designated P 2+ or P OX 4 the coordination of the central sulfur atom from six to four ( Fig. 1 ) (7, 8) . The two iron atoms that are no longer coordinated by the central sulfur in the P OX state remain four-coordinate by forming new bondsone with the alkoxy group of a neighboring serine and the other with a backbone amide group of a bridging cysteine (7, 8) .
[Insert Figure 1 here.]
The biosyntheses of these complex metalloclusters and the nitrogenase component proteins are controlled by the nitrogen fixation (nif) genes (reviewed in (9) (10) (11) (12) (13) Much of the current understanding of nitrogenase biosynthesis comes from studying component proteins grown from nif-deletion strains of bacteria. It has been presumed that the immature, FeMocodeficient MoFe proteins produced in the absence of the cluster assembly genes contain the P-cluster (24, 25) , although no pathway for the assembly of the P-cluster has been identified. XAS Data Analysis-The Fe K-edge XAS data were normalized using the program XFIT (33) by first subtracting a polynomial background absorbance that was fit to the pre-edge region and extended over the post-edge with weighted control-points, followed by fitting a three-segment polynomial spline over the EXAFS region, and finally by normalizing the resulting absorbance spectra to an edge-jump of The ∆nifH MoFe protein spectra show little change in the position of either the pre-edge or the rising edge upon oxidation, although oxidation of this species is evident by the observed intensity decrease in the edge at ~ 7126 eV (Fig. 2B ). An overlay of the dithionite-reduced spectra from both protein mutants (Fig. 2C) shows that the rising edges of the two species differ by 0.8 eV and that the ∆nifH MoFe protein edge has greater intensity at 7126 eV. Upon oxidation, the spectra are more similar (Fig. 2D) ; the ∆nifH MoFe protein edge is shifted to higher energy by only 0.2 eV compared to that of the ∆nifB MoFe protein. The major difference between the two species at this potential is not in the edge at 7126 eV, but in the pre-edge, which is more intense in the spectrum of the ∆nifB MoFe protein.
XAS Data Collection-XAS
The Fe K-edge EXAFS spectra and the corresponding Fourier transforms of the ∆nifB and ∆nifH
MoFe proteins shown in Fig. 3 highlight major structural differences between the protein mutants.
Notably, there is a second peak in the Fourier transforms of the EXAFS of the ∆nifH MoFe protein at ~ while the interatomic distance, R, and σ 2 were allowed to float (40) . This procedure was repeated for each scattering interaction in an iterative fashion until a best fit was obtained. The coordination numbers are thus estimates and may be artificially low due to contributions from static disorder. Despite the uncertainty in the absolute coordination numbers, the relations between scatterers, as in the relative ratio of Fe-S to Fe-Fe scatterers or of short-to long-distance Fe-Fe scattering, are considered to be accurate.
Three-component fits to the EXAFS from all four proteins are described in Table I . The data quality, evidenced by the signal-to-noise ratio, varied across the samples due to differences in protein concentration. The primary comparison made here is for fits to a k-range over which all samples could be reasonably analyzed. A detailed study of the developed fitting methodology and full k-range fits including testing of all components will be published elsewhere.
Although the average nature of the EXAFS technique makes it difficult to probe changes at individual Fe sites, a redox-dependent structural change between the dithionite-isolated and IDS-treated The average environment reported here, with a decrease in the number of short Fe-Fe interactions, but with the same number of long Fe-Fe interactions as in the reduced protein, is consistent with the type of rearrangement exhibited in the wild-type structure upon oxidation (7, 8 If the cluster in the ∆nifH MoFe protein is considered as two separate cubes, then the presence of some low-Z ligation, instead of complete cysteine coordination, is expected. In the wild-type P-cluster two cysteines are shared across four Fe sites; if these bridges were broken, the protein backbone would not contain enough cysteine residues for two separate cubes. Analysis of the residues surrounding the Pcluster in the wild-type protein indicates that no additional cysteines would be available barring a major change in tertiary structure. The coordination sphere about Fe could be completed by a backbone amide, as in the wild-type oxidized protein (7, 8) , by endogenous water, as in the enzyme aconitase (50) and one on the β subunit, that are coordinated by three cysteine residues and one low-Z ligand (Fig. 4, A) .
This model has one more sulfur atom than the wild-type P-cluster, thus sulfide displacement would be required to form the native structure. Core sulfide substitution is possible (54) , but would not be required if, instead, a cysteine bridge replaces a sulfide in one of the [Fe 4 S 4 ] centers (Fig. 4, B) . This model requires four low-Z ligands-one at the regular [Fe 4 S 4 ] center and three at the perturbed site. The known transformations of the P-cluster in wild-type protein suggest that the [Fe 4 S 4 ] cube associated with the α subunit should remain largely intact, whereas deviations from a regular geometry would be seen in the cube on the β subunit. In this assumption, Serβ188, which acts as a ligand in wild-type P OX (7, 8) , and 14 pneumoniae, and C. pasteurianum (8) , may be potential ligands to the β subunit [Fe 4 S 4 ]-like center. In either of the models discussed above, the two [Fe 4 S 4 ] centers could be tethered through a bridging cysteine, such as Cysα88 or Cysβ95 (Fig. 4, C) . Indeed, the two centers could be attached, as in P OX , through the backbone of Cysα88 even if they do not share the cysteinyl sulfur (7, 8) . [Insert Figure 4 here.]
It is difficult to determine a contribution from a light atom in the ∆nifH MoFe protein, as the scattering from the Fe-Fe and Fe-S interactions is so intense that a minor contribution from O/N is hard to observe and even harder to quantify, especially given the inherent 10 -20 % uncertainty in the EXAFS determined coordination number (44) . While evidence was found for some low-Z scattering in the ∆nifH
MoFe proteins, the change in the quality of the fits on the addition of this component was small enough that its presence in the fits, and thus the model for the ∆nifH MoFe protein [Fe-S] center, is not required.
Therefore, an edge-bridged double cubane [Fe 8 S 8 ](Cys) 6 (Fig. 4, D) , which eliminates the need for low-Z ligation by forming two cross cluster bonds, is also consistent with the EXAFS data. This type of structure is known to be reactive, however, collapsing readily into monocubane products under mild between the all-ferrous and two-electron oxidized state at the potentials studied (29,58). Therefore, the ∆nifH MoFe protein should be oxidized by one electron between the dithionite and IDS-treated states. "apo-MoFe protein" to form the P-cluster. The necessity for having an intact, subunit-bridging P-cluster prior to FeMoco insertion correlates to the absence of FeMoco in MoFe proteins where the P-cluster cysteines have been mutated to alanines (68) . It has been proposed that the necessary interaction of the Fe protein with the NifEN complex in the biosynthesis of FeMoco may lead to a conformational change that facilitates cluster formation or rearrangement in that protein (13). The similarity between these two systems suggests that the method of cluster assembly presented herein may prove to be a general mechanism for the biosynthesis of complex clusters. were allowed to float during the fitting process in which N was systematically varied; a single ∆E 0 was used for each fit. The estimated uncertainties in R and σ 2 are ± 0.02 Å and ± 0.0001 Å 2 , respectively (39).
There is a 10 -20 % uncertainty in N (44 
